An investigation of a solid-state lighting (SSL) luminaire with the focus on the electronic driver which has been exposed to a standard wet hot temperature operating life (WHTOL) of 85% RH and 85°C in order to assess reliability of prolonged exposer to a harsh environment has been conducted. SSL luminaires are beginning introduced as head lamps in some of today's luxury automobiles and may also be fulfilling a variety of important outdoor applications such as overhead street lamps, traffic signals and landscape lighting. SSL luminaires in these environments are almost certain to encounter excessive moisture from humidity and high temperatures for a persistent period of time. The lack of accelerated test methods for LEDs to assess long-term reliability prior to introduction into the marketplace, a need for SSL physics based PHM modeling indicators for assessment and prediction of LED life, as well as the U.S. Department of Energy's R&D roadmap to replace todays lighting with SSL luminaires makes it important to increase the understanding of the reliability of SSL devices, specifically, in harsh environment applications.
The U.S. Department of Energy (DOE) has made a long term commitment to advance R&D breakthroughs in efficiency and performance of solid-state lighting (SSL). SSL technology has the potential to reduce the U.S. lighting energy usage in half and produce large savings. The DOE has developed a comprehensive national strategy that encompasses Basic Energy Sciences, Core Technology Research, Product Development, Manufacturing Research and Development (R&D) Initiative, Market Development Support, SSL Partnerships, and Standards Development. [1] The lack of accelerated test methods for LEDs to assess reliability prior to introduction into the marketplace does not exist. There is a need for SSL physics based PHM modeling indicators for assessment and prediction of LED life. 
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INTRODUCTION
Luminaires are beginning to replace today's incandescent light bulbs and are becoming more prevalent in everyday applications. SSL luminaires are beginning introduced as headlamps in some of today's luxury automobiles and may also be fulfilling a variety of important outdoor applications such as overhead street lamps, traffic signals and landscape lighting. SSL luminaires in these environments are almost certain to encounter excessive moisture ingress from humidity 978-1-4799-5267-0114/$31.00 ©2014 IEEEand high temperatures for a persistent period of time. Lwninaires subjected to WHTOL for a prolonged period of time may see premature failure of the individual components, such as an aluminwn electrolytic capacitor (AEC). AEC degradation may cause the electrical drivers to fail completely due to a current surge or produce an undesirable light output of the light emitting diodes (LEDs). This can potentially erode a manufactures profit margin due to warrantied replacement of the luminaire. AECs are typically considered the "weakest link" inside of an electrical driver compared to the other components. Therefore, they were directly monitored in this work to aid in understanding the reliability of the SSL Iwninaire.
An AEC is a type of capacitor that uses an electrolyte to achieve a larger capacitance per unit volume compared to traditional capacitors. They are used in high current and low frequency electrical circuits, such as an LED electrical driver, and are needed to help convert AC power to DC power [2] . An AEC is composed of a cathode alwninum foil, electrolytic paper, liquid electrolyte and a dielectric [3] - [4] . The capacitance can be calculated by knowing the dielectric constant, surface area of the dielectric and the thickness of the dielectric [3] - [5] . The ESR can be found by summing the electrolytic resistance, dielectric loss and the electrode resistance using equations outlined in the literature [3] , [6] - [7] . In this work, the ESR and capacitance (CAP) were measured directly using a handheld LCR meter.
The predominant failure mechanism of the AEC is the loss of the liquid electrolyte through dissipation and decomposition. Liquid electrolyte loss can be attributed to an elevated ambient temperature, electrochemical reactions at the dielectric layer, moisture ingress or diffusion through the seal [6] - [5] . This will lead to a drift of the electrical parameters of the AEC (i.e. CAP and ESR). If an AEC is kept at an elevated ambient temperature for a prolonged period of time causing liquid electrolyte degradation, then the capacitance will decrease and the ESR will increase [3] - [14] . Therefore, this makes CAP and ESR excellent leading indicators to monitor the health of an AEC. This along with the Iwninous flux or light output of the LED gives great insight on the health of the entire luminaire system. In this work, the ESR and CAP have been measured directly for AECs subjected to a WHTOL testing of 85 °C/85% RH. The luminous flux of the SSL luminaire was determined using the IES LM-79-08 testing standards to investigate changes in the output of the electrical driver. The failure mechanisms, as well as the failure modes of the electrical drivers have been determined and are presented in this paper.
TEST VEHICLE
The test vehicle for this work was an off-the-shelf Iwninaire which consisted of a LED downlight module, an electrical driver (boost PWM half-bridge rectifier) and wired connections to attach the two components and to connect the electrical driver to the main power supply. A single light engine was used in all the tests. However, the driver powering the light engine was changed out as described below. This approach facilitates assignment of any observed changes in Iwnen maintenance of the driver. The luminaire shown in Figure 1 illustrates how each component of the system is incorporated. A base line luminous flux value was obtained using an untested electrical driver during each time step. The pristine value was used as a comparison to the luminous flux values found for each electrical driver under WHTOL in order to investigate minute changes in the Iwnen maintenance. Ten sample sets consisting of four AECs were used in this experiment. Each sample set was taken from a separate, single electrical driver. These AECs were removed to directly measure the CAP and ESR. Figure 2 depicts the circuit board of a single electrical driver with the four AECs removed. Each electrical driver consisted of four AECs of three different types. The AEC characteristics are given in Table 1 . The removed AECs and the remaining portion of the electrical driver were kept in a Thermotron humidity chamber at 8S °C/8S% RH for the duration of the test. The components were removed from the chamber and allowed to cool to room temperature for approximately one hour before measurements were taken. The ESR and CAP of each AEC were measured directly using an Agilent U1733C handheld LCR meter. See Figure 3 below. Luminous flux calculations were also carried out for each sample set on the same pristine light engine following the IES LM-79-08 standard [IS] . The AECs were connected to its corresponding electrical driver through a bread board. The light output leads of the electrical driver were connected to another portion of the bread board which allowed easy switching between electrical drivers to record the radiant flux values needed to calculate the luminous flux. An USB4000 Spectrometer from Ocean Optics, SpectraSuite software and a one meter integrating sphere were used to accurately obtain the radiant flux data of the down light for each driver. Figure 4 illustrates the luminous flux setup. 
The measured spectral radiant flux, <Pm(A), of the test lamp is computed using the SpectraSuite software. The self absorption factor, UCCF, can be found through a comparison of an auxiliary lamp measurement with the test lamp inside the integrating sphere and an auxiliary lamp measurement with the calibration lamp standard inside the sphere. Both the test lamp and calibration lamp standard are off during the auxiliary measurements. This is a critical parameter since SSL products have a different physical size and shape compared to the calibration lamp standard used to calibrate the integrating sphere and the spectrometer. The ratio of the measurements of the auxiliary lamp with the reference lamp divided by the auxiliary lamp with the test lamp will produce the self absorption factor. The total luminous flux, <Ptes!> in lumens
[1m] of the SSL product under test can now be found using the total spectral radiant flux found from equation (1) with equation (2) [IS].
The spectral luminous efficiency function for photopic vision, V(A), is well documented in literature and Km is the maximum spectral luminous efficacy [16] .
RESULTS
WHTOL testing was conducted on ten electrical drivers until failure was reached. The CAP and ESR of the AECs were measured at each test interval along with the luminous flux associated with each electrical driver. The luminous flux for each electrical driver never deviated outside of the pristine range given by the manufacturer through the course of the experiment. Luminous flux proved not to be a precursor for describing the degradation of these electrical drivers under WHTOL testing. Each electrical driver was tested until a failure mechanism was present. Each electrical driver had a different failure time with the last failure occurring at 363S.37 hours. Figure S shows the relative luminous flux values (measured value divided by original value) over the course of WHTOL accelerated testing for all ten electrical drivers. The CAP and ESR also did not forecast the degradation of the electrical drivers. Once the electrical drivers failed, the AECs were placed back into WHTOL testing to investigate further. The CAP and ESR values were measured at regular intervals of one week with testing completely stopped at 4294.43 hours. The relative CAP and relative ESR for the four AECs inside the electrical drivers are shown in Figure 6 - Figure 13 . The ten electrical drivers did experience component level failure which rendered each electrical driver useless to some degree. Multiple failure mechanisms have been found for this luminaire with each electrical driver experiencing only one of the failure mechanisms. Table 2 catalogs the failure mechanisms and failure modes of each electrical driver. Table 2 have been circled to show the components in their pristine form and their location inside the electrical driver. The failed components of each electrical driver under WHTOL are shown below except for driver two. There was no visible damage to this driver even though it wouldn't power on. 
SUMMARY & CONCLUSIONS
This paper has shown an investigation of an off the shelf luminaire system with the focus on the electronic drivers. Specific components inside the electrical driver, the AEC, were monitored as possible precursors of failure. The electrical drivers were aged using a life test of 85°C/85% RH. The four AECs of three different types inside each electronic driver were removed from the driver to obtain the exact CAP and ESR values using a handheld LCR meter. To monitor the overall health of the lumina ire, the luminous flux was measured for each electrical driver under test using the same pristine lamp.
It was hypothesized that the AECs would be the "weakest link" of the electrical driver and a suitable leading indication of failure well before failure occurred. Also, the luminous flux was monitored as a possible indication of the overall health of the electrical driver. The measured parameters proved not to be an indication of failure for these electrical drivers. The CAP and luminous flux never deviated outside of the pristine range and the ESR did not deviate much from its original measurement. The parameters did not give any indication the system was going to fail. There were two predominate, failure mechanisms observed during the duration of testing which comprised 70% of the test vehicles. One predominate, failure mechanism was the CL21 series polyester film capacitor located on the topside the electrical driver. This film capacitor started spewing the internal material and smoking. The electrical driver was still functional and powered the light engine normally. It was deemed failed because of health and safety concerns due to the possible toxic nature of the internal material. The other predominate, failure mechanism was an IGBT/MOSFET located on the undercarriage of the electrical driver. In this case, the top of the IGBTIMOSFET was blown off causing catastrophic failure to the system and was likely due to an electrical surge from moisture seepage into the component. Neither one of the observed, failure mechanisms overlapped meaning each test vehicle experienced one specific failure mechanism. Only two failure modes were present during the WHTOL testing: an open circuit/no light and capacitance degradation.
